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Abstract. Observations on 30 October 1978 show the ISEE-
1 spacecraft passing though the high-altitude dayside north-
ern magnetospheric cusp region from roughly 16:00 to 18:30
UT, during a slow solar wind period (∼380km/s). More than
two orders of magnitude enhancements of the cusp energetic
particle (CEP) ﬂuxes were observed along with a depressed
and turbulent local magnetic ﬁeld. The observed variations
of the pitch angle distributions (PAD) provide a unique op-
portunity to determine the structure of the cusp and the ori-
gin of the CEP. Through a boundary sounding technique,
the location and orientation of the cusp poleward (or back-
side) boundary was observed for almost 10min during which
time it appeared initially to be stationary in the GSM/GSE
X-direction and then moved sunward about 0.12 Earth radii
(RE). The orientation remained approximately perpendicu-
lar to the GSM/GSE X-axis until it was observed to rotate
by 60 degrees in ∼3min before ISEE-1 was fully inside the
cusp cavity. The cavity itself was ﬁlled with CEP ﬂuxes
displaying large anisotropies, indicative of their source be-
ing located below (Earthward) of the satellite location. The
spacecraft entered from the backside of the cusp, then trav-
eled ∼4RE through the cavity, and exited through the “top”
of the cavity leaving a region of energetic ions below. The
PADs demonstrate that the bow shock cannot be the main
source of the observed CEPs. The CEP ﬂuxes were mea-
sured at about 8.5h MLT when the IMF had both an 8–10nT
duskward and southward component.
Keywords. Magnetospheric physics (Energetic particles,
precipitating; Magnetopause, cusp, and boundary layers;
Magnetospheric conﬁguration and dynamics)
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1 Introduction
The magnetospheric cusp is deﬁned by a combination of (1)
a decrease in magnetic ﬁeld magnitude in the dayside high-
latitude region (Farrell and Van Allen, 1990) and (2) a more
than one order of magnitude increase in intensity of the 1–
10keV ions (Chen et al., 1997, 1998; Fung et al., 1997). En-
ergetic particles are observed regularly in the cusp. How-
ever, the origin of the Cusp Energetic Particles (CEP) re-
mains controversial. The CEPs have been suggested to have
three possible sources, (1) the ions are accelerated to tens of
keV at the bow shock and arrive in the cusp along a mag-
netically guided trajectory (Chang et al., 1998), (2) the CEPs
are produced by substorms in the geomagnetic tail (Delcourt
and Sauvaud, 1999; Blake, 1999; Antonova et al., 2000) and
arrive in the cusp through a “Shabansky” orbit (Shabansky,
1971; Antonova and Shabansky, 1975), and (3) the electrons
and ions are both accelerated locally up to energies of hun-
dreds of keV to several MeV (Chen and Fritz, 1998; Chen et
al., 1998).
Energetic particles in the magnetosphere can be used as re-
mote sensors probing the distance and orientation of a trap-
ping boundary (Konradi et al., 1965; Williams, 1979; Fritz
and Fahnenstiel, 1982). The large gyroradii of energetic ions
remotely probe boundaries up to distances greater than about
1000km from the spacecraft.
The International Sun-Earth Explorer’s ISEE-1 spacecraft
was launched on 22 October 1977 into a highly eccentric
(1×23RE) geocentric orbit, with an inclination of 28.76◦
and a period of ∼57h. The Medium Energy Particle Ex-
periment (MEPE) onboard ISEE-1 measured the Pitch An-
gle Distributions (PAD) of the energetic particles (Williams
et al., 1978). Due to the low inclination of the orbit, the
spacecraft has previously been thought to never have passed
through the high-altitude dayside cusp region.
Observations on 30 October 1978 from roughly 16:00–
18:30 UT for an outbound pass of the ISEE-1 spacecraft
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Fig. 1. The GSM ˆ X, ˆ Y, and ˆ Z magnetic ﬁeld components (top 3 panels, respectively) and the total magnetic ﬁeld (panel 4) observed by
ISEE-1 from 15:00–19:00 UT on 30 October 1978. The bottom panel contains the proton ﬂux for 24–44.5keV energy channel, where the
particles are sorted by their pitch angles, particle detected at a pitch angle of 15◦ is blue, 90◦ is red, and 165◦ is green, with a tolerance of
±5◦. The dotted lines correspond to the time period for Fig. 3, dashed lines for Fig. 4, and dot-dashed line for Fig. 5.
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Fig. 2. This ﬁgure demonstrates how one interprets Figs. 3–5. The
detector scansthroughthe unitsphere in36s(left) andthe ﬂuxesare
linearly translated from elevation and azimuth onto an orthogonal
Cartesian coordinate system (right). The green line corresponds to
the locus of all 90◦ pitch angles. The blue arrow is the magnetic
ﬁeld vector, where it points from the center of the 30◦ contour to
the center of the 150◦ contour.
show cusp-like characteristics, including ion ﬂux enhance-
mentsofovertwoordersofmagnitudeforovertwohoursand
a depressed and turbulent local magnetic ﬁeld and both iono-
spheric and solar wind plasma (Whitaker et al., 2006). The
solar wind conditions during the observations were steady
and slow (∼380km/s). During the CEP event period, the
IMF By was positive (duskward) and had a value of about
8–10nT from 16:40–18:30 UT, while both IMF Bx and Bz
were negative (tailward and southward). The local magnetic
ﬁeld observed by ISEE-1 (Fig. 1) had a negative Bz compo-
nent that ﬂuctuated between ∼0 and −30nT, Bx was roughly
0nT, and By was positive(∼30nT). The most turbulent activ-
ity occurs in the Z-component. The three-dimensional parti-
cle pitch angle distributions can be used to explore the ge-
ometry and evolution of the cusp boundary as the spacecraft
ﬁrst penetrates the boundary, as well as when the spacecraft
exits the cusp. The variation of 24–44.5keV ions during this
interval is presented in the bottom panel of Fig. 1.
The energy range for CEP is from about 20keV to 10MeV
(Chen et al., 1997, 1998; Fritz et al., 2003). Trattner et
al. (2001) claimed that the CEPs with energies <150keV
were from the quasi-parallel bow-shock and that while those
CEPs with energies >150keV were from the radiation belt.
The present study shows that the 24–44.5keV CEPs are also
not from the bow shock. Based on low-altitude (<2.2RE)
cusp observations, Kremser et al. (1995) reported that the
cusp ion populations were a mixture of ionospheric and so-
lar wind particles. Asikainen and Mursula (2005, 2006) sug-
gested that the CEPs were fromthe high-latitude (quasi) trap-
ping region.
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Fig. 3. ISEE-1 MEPE 3-D pitch angle distributions for the time period of 15:57–16:24 UT (Epoch 1 in Fig. 1). The s/c was fully engulfed in
CEPs by 16:09 UT, where the particles with a PA of 90◦ are seen at all azimuthal angles. The intense population from below the s/c appears
around 16:15 UT.
The ISEE-1 observations of the cusp provide new insights
into the CEP behavior and the geometry of the cusp through
the three-dimensional PAD.
2 Observations
ISEE-1 passed through the high-altitude dayside cusp region
on 30 October 1978 from roughly 16:00 to 18:30 UT at about
8.5h local time. The ISEE-1 spacecraft traveled from 3.9–
8.2RE ˆ X, −(5.0–8.2)RE ˆ Y, and 6.0–6.8RE ˆ Z in GSM co-
ordinates. In this paper, we investigate the geometry of the
cusp boundary and the evolution of the boundary orientation
anglethroughaboundarysoundingtechniqueasISEE-1pen-
etrated intothe cusp diamagneticcavity (CDC) while observ-
ing intense CEP ﬂuxes.
The ISEE-1 MEPE detector scans through the unit sphere
in 36s as illustrated in Fig. 2. The locus of particles with
pitch angles of 90◦ for the example PAD is traced on the unit
sphere, with the magnetic ﬁeld vector pointing from a PA of
0◦ to 180◦. Figure 2 is representative of how to interpret the
PAD in Figs. 3–5, described below. The left panel of Fig. 2 is
plotted for the ﬂuxes in detector look direction, the direction
from which the energetic particles are coming. The scale
on the horizontal axis has the sunward direction at 0◦ and
the anti-sunward direction at 180◦. The vertical axis is the
scan direction, where 0◦ is anti-parallel to the spacecraft spin
axis, viewing the south ecliptic pole, and 180◦ is parallel to
the spin axis viewing the north ecliptic pole. At a (vertical)
elevation of 90◦, the 0◦ and 90◦ azimuth directions represent
essentially the GSE X- and Y-axes, respectively.
2.1 ISEE-1 MEPE energetic particle distributions
Figures 3–5 contain three-dimensional energetic ion particle
distributions with energies of 24–44.5keV (notice that the
ﬁgures do not have the same color bars). The panels trace
through the epoch where the spacecraft is penetrating the
boundary of the cusp (Fig. 3), inside the CDC (Fig. 4), and
just outside/above the cusp (Fig. 5). In Sect. 3, the panels in
Fig. 3 are used to determine the distance to the boundary of
the cusp and the orientation of this boundary.
As the spacecraft ﬁrst penetrates the cusp around
15:57UT, energeticparticlespeaked at90◦ areobserved with
azimuthal angles of roughly 45◦ to 180◦. From 16:00 to
16:05 UT, the azimuthal angle range slowly increases by 45◦
to roughly 0◦ to 225◦. After 16:05 UT, the particles begin to
ﬁll out and arrive from all azimuthal angles. By 16:08 UT the
spacecraft observes strong particle populations peaked at 90
degrees (see Panel 9 in Fig. 3, 16:09:11 UT) at all azimuthal
angles.
Around 16:15 UT, about 15min after the spacecraft pene-
trated the boundary, a population of particles from below ap-
pears (see panel 13 in Fig. 3, 16:17:42 UT). This population
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Fig. 4. ISEE-1 MEPE 3-D pitch angle distributions for the time period of 16:26–18:04 UT (Epoch 2 in Fig. 1). This epoch corresponds to
when the s/c is traveling through the CDC observing a very turbulent magnetic ﬁeld, where the particles strongly follow the ﬁeld lines.
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Fig. 5. ISEE-1 MEPE 3-D pitch angle distributions for the time period of 18:15–18:42 UT (Epoch 3 in Fig. 1). The s/c has now exited out
the “top” of the CDC, but still observes energetic particles from below until 18:42 UT.
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Fig. 6. The top plot shows the ﬂux per sector for the 16:01:53 UT
record, where there is an absense of particles at a range of azimuthal
angles becauce the s/c is too far away from the CDC boundary to
observe particles with those gyroradii. These angles are used to ﬁnd
the orientation angle β, measured from the x-axis, and the distance
R of the boundary from the s/c (bottom). This method is used for
Figs. 7–8.
dominates from 16:17–16:19 UT, after which time the par-
ticles remain enhanced but the 90◦ particles dominate (Pan-
els 14 and 15, Fig. 3).
While ISEE-1 is in the CDC, the spacecraft observes a
strong population of particles ﬁlling the hemisphere below
the sensor (Fig. 4). The magnetic ﬁeld vector points from the
center of the 30◦ PA contour (α=0◦) to the center of the 150◦
PA contour (α=180◦). Although the magnetic ﬁeld vector is
variable, the particles closely follow the ﬁeld lines.
After the ISEE-1 spacecraft has exited the cusp and no
longer observes the characteristic turbulent and depressed
magnetic ﬁeld and ion ﬂux enhancements, there remains a
population of particles from below predominately with pitch
angles of 120◦ until 18:42 UT (see Fig. 5). The three-
dimensional PAD appear to be a reverse bite-out to the pat-
terns observed in Fig. 3 as the spacecraft appears to penetrate
the boundary of the cusp by moving above the CDC ﬁlled
with CEP ﬂuxes.
Fig. 7. Using Eqs. (1–2), the distance from the s/c to the sounding
boundary (km) and the orientation angle of the boundary is calcu-
lated for the entire time the s/c remotely senses the boundary.
3 Boundary sounding technique
As the ISEE-1 MEPE detector scans through the unit sphere
with Bz<0, it will “see” particles arriving from directions
counterclockwise between two angles, φ1 and φ2. As illus-
trated in Fig. 6, the remaining angles outside of this region
(φ2 to φ1) show no observed particles, because the gyro-
center is beyond one gyroradii from the emitting bound-
ary. Previous work sounded absorbing boundaries from 2
gyroradii inside the magnetopause (Konradi et al., 1965;
Williams, 1979; Fritz and Fahnenstiel, 1982), whereas this
work sounds a particle source boundary from 2 gyroradii
outside the emitting boundary. Figure 1 shows that around
16:00 UT on 30 October 1978, By (GSE) was dominant,
while Fig. 6 assumes the B vector was along the anti-parallel
Z (GSE) direction at the time. Therefore, this remote sens-
ing method assumes that an ion source boundary and the lo-
cal B vector were along the anti-parallel Z (GSE) direction.
Although a real boundary has a ﬁnite thickness and irregu-
larities, the perpendicular distance R and orientation angle
β to the plane of the boundary can be estimated from these
angles, depending on the gyroradii rg of the measured parti-
cles. The gyroradius is determined for 24–44.5keV particles
with a local magnetic ﬁeld averaged over each 36s scan of
the unit sphere. The distance R from the spacecraft to the
emitting boundary is given by
R = rg

1 + cos
(φ2 − φ1)
2

(1)
The tilt angle of the boundary normal relative to the X-axis
is given by
β =
(φ1 + φ2)
2
− 90◦ (2)
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Fig. 8. An illustration of the evolution of the CEP boundary from
15:57–16:07 UT. The center of the gyroradii is assumed to be co-
moving with the motion of the spacecraft. The boundary is initially
roughly parallel to the direction the s/c is traveling, rotating about
60◦ in 3min so that the s/c penetrates the CEP boundary perpendic-
ular. The inset plot on the lower left shows the GSM X-Y position
of the satellite (solid line) and a projected evolution of the boundary
location from the data presented in Fig. 7 (squares).
InFig.3, asnotedabove, theﬂuxenhancementsaretruncated
alongthe90◦ pitchanglecontourrelativetotheazimuthalan-
gle. As the spacecraft penetrates the cusp traveling closer to
the emitting boundary, the range of azimuthal angles where
energetic particles are observed increases until the signature
PAD peaked at 90◦ through all azimuthal angles becomes
apparent. At this time the spacecraft is completely engulfed
within the cusp.
Figures 6 and 7 show the distance calculated from the
spacecraft to the cusp particle boundary and the respective
orientation angles, using Eqs. (1) and (2). With this informa-
tion, theapproximateevolutionoftheboundarylocationwith
respect to the position of the spacecraft traveling at roughly
2.5km/s is illustrated in Fig. 8. The CEP boundary is ob-
served for over 10min as the trajectory of ISEE-1 takes the
satellite outbound at a local time of ∼9h (1X∼1Y). As
the boundary is approached it appears to maintain a nearly
constant location in X at about 5.08RE for less than two
minutes as ISEE-1 approaches and then moves outward for
the next seven minutes as ISEE-1 overtakes the boundary at
16:07:30 UT and crosses fully into the CEP region of the
cusp. This boundary sounding technique reveals a dynamic
boundary that could be related to changes in the solar wind
conditions as well as the satellite motion.
Fig. 9. The cut-off pitch angle is measured from 3-D PAD (top
panel), where the s/c almost never observes particles with pitch an-
gles less than 30 degrees. The magnitude of the corresponding mir-
ror points for these particles are plotted in the bottom panel,where
these values are approximately that of the LMF present outside the
CDC (∼57nT).
4 Source of the CEP ﬂuxes
There appears to be a limiting pitch angle below which par-
ticles very rarely arrive in Fig. 3. From this cut-off pitch an-
gle, αcutoff, one can calculate the mirror point of the magnetic
ﬁeld, Bmirror, depending on the local magnetic ﬁeld value,
Bmirror =
Blocal
sin2 αcutoff
(3)
In Fig. 9, αcutoff is measured from the 3-D PAD from 15:57–
16:24 UT, and the magnitude of B at the corresponding mir-
ror points for these particles is calculated. The magnetic ﬁeld
values required for the particles to mirror are approximately
that of the local magnetic ﬁeld (LMF) present outside the
CDC and therefore it is possible for many particles that orig-
inated in the cusp from below with pitch angles from αcutoff
to α near 90◦ to mirror on a ﬁeld line just outside and above
the CDC and return back. This process can explain why a
fewparticlesareobservedarrivingfromabovethespacecraft.
However, the most striking feature of the upper hemisphere
remains the lack of particles.
As the spacecraft exits the cusp, a strong population is ob-
served from below. The three-dimensional particle distribu-
tions are projections of the unit sphere, linearly translated
from elevation and azimuth onto an orthogonal Cartesian co-
ordinate system. Thus, enhancements at bottom of the panel
will correspond to a small point at the bottom of a sphere.
This type of projection exagerates the southern and northern-
most points of a sphere. Through investigating the projec-
tion effect, the population is found to depend on the mag-
netic ﬁeld. Particles hang on the 120◦ PA contour after the
Ann. Geophys., 25, 1175–1182, 2007 www.ann-geophys.net/25/1175/2007/K. E. Whitaker et al.: Boundary sounding by ISEE-1 1181
spacecraft has exited the cusp and no longer observes a tur-
bulent and depressed ﬁeld. The source of particles from 120◦
after ISEE-1 has left the cusp can be used to trace back to a
rough altitude of origin.
If particles are being accelerated at some altitude within
the cusp, one can estimate this location by assuming the par-
ticles are introduced with a pitch angle of 90◦ at the mirror
point and the spacecraft observes them predominantly peak-
ing near 120◦. This yields a mirror point at a local magnetic
ﬁeld value of 57nT. In Fig. 1, the LMF has a value of about
57nT as the spacecraft ﬁrst crosses into the depressed ﬁeld
region of the cusp.
5 Discussion
The observations from ISEE-1 indicate that the equatorial or-
biting spacecraft passed through the cusp at a GSM Z of 6.0–
6.8RE, nominally observing the characteristic signatures in
the proton and electron ﬂux enhancements (known as CEPs),
thelocalmagneticﬁelddepressionwithgreatlyenhancedtur-
bulence, the presence of solar wind plasma, and a difference
in the magnetic ﬁeld clock angle comparison (Whitaker et
al., 2006).
Work done by Whitaker et al. (2006) on this event has
demonstrated that the CEP ﬂuxes cannot originate from the
geomagnetic tail through a substorm. Subsequently, the bow
shock cannot be the main source of these particles either. If
the bow shock was the source, a large population of parti-
cles would be observed from above. The deﬁcit in particles
with pitch angles less than about 60◦ clearly shows that the
bow shock is not providing the main source of the CEPs (see
Figs. 3–5). The particles originate locally indicating that the
source of CEPs could be from the dayside magnetospheric,
or even within the cusp.
The observation of energetic particles after the spacecraft
had exited the CDC and was above the cavity supports the
theory of local energization. The Tsyganenko T04 model
of the geomagnetic ﬁeld shows open ﬁeld lines for the en-
tire orbit of ISEE-1 through the cusp. The last closed ﬁeld
line occurs between 15:50 UT and 16:00 UT, just before the
spacecraft penetrates the CDC. The particles streaming from
below are therefore lost on these open ﬁeld lines and must be
generated locally to have ﬂux enhancements that persist for
more than two hours. In future work, modeling of the evo-
lution of the geomagnetic ﬁeld and the particle trajectories
along the trajectory of ISEE-1 from a stable trapping region
around 12:00 UT out through the cusp from 16:00–18:30 UT
will be studied.
The length of time that ISEE-1 observes the CDC can be
used to put a lower limit to the size of the cavity. ISEE-1
travels 4RE from 16:00–18:30UT, suggesting that CDCs are
very large, coherent structures. These observations by ISEE-
1 show a >4RE CDC that maintains CEPs of ring current
energies during a moderate storm period (Dst of −80nT) for
greater than 2h.
Tayloretal.(2004)determinedtheorientationandvelocity
of the cusp boundary for a single pass by the Cluster satel-
lites, detecting the boundary multiple times. Taylor et al. use
two analysis techniques, the Fluxgate Magnetometer (FGM)
Discontinuity Analyser and the Plasma Electron and Current
Experiment (PEACE) Timing Analysis, which result in an
inconsistent boundary orientation for a couple of the detec-
tions, where Cluster encounters the cusp from the poleward
edge but exits equatorward. The boundary sounding tech-
nique used in this paper appears to produce a consistent time
series set of boundary positions and orientations in a two-
dimensional geometry, owing to the snapshot nature of the
technique. Taylor et al. have used two techniques that com-
pare data recorded at different times and yield inconsistent
results, implying that the variability of the cusp boundary in
time can compromise the accuracy of the Cluster techniques.
6 Conclusions
ISEE-1 observes a CDC for over 2h on 30 October 1978 dur-
ing a moderate storm period. From the analysis of the CDC
geometry and the CEP 3-D pitch angle distribution evolution,
we ﬁnd that:
– ISEE-1 is on open ﬁeld lines in the dayside cusp dur-
ing this entire time period, where ﬂuxes measured by
the satellite are observed to maintain a large anisotropy
along the magnetic ﬁeld direction with ﬂuxes arriving
primarily from below or earthward of the satellite and
are not observed to return from above or sunward of the
satellite.
– The energetic particles in this region maintain ring cur-
rent energies for greater than 2h.
– ISEE-1 is moving toward an emitting cusp boundary,
observing that the boundary to satellite distance de-
creases with time. The position of the boundary appears
to be initially constant in X for less than two minutes
but then moves outward such that the satellite appears
to travel approximately parallel to it for about seven
minutes before the satellite catches the boundary and
crosses intothe cusp andis completely engulfedby CEP
ﬂuxes. The orientation of the boundary normal during
this interval varies through angular differences of ∼60
degrees, but basically maintains an orientation approxi-
mately perpendicular to X, indicating that the structure
of the boundary described above is due to the outbound
movement of the boundary as it is being sampled versus
a ﬁxed location in space that happens to be parallel to
the trajectory of ISEE-1.
– After ISEE-1 no longer observes a depressed and tur-
bulent magnetic ﬁeld, the particles are still observed
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streaming from below along open ﬁeld lines, where the
CDC remains below the s/c.
– These observations show the main source of the ener-
getic particles cannot be the bow shock.
These observations provide a challenge to the scientiﬁc com-
munity to investigate the possibility of a new region of in-
terest at mid-altitudes in the cusp, where CDCs can produce
ring current energy particles for long durations of time.
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